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Introduction {#chem201905535-sec-0001}
============

Palladium‐catalyzed cross coupling reactions have become one of the most powerful methods in organic synthesis, both in academic research as well as industrial processes. They are widely used for the preparation of pharmaceuticals, fine chemicals, and precursors for materials chemistry.[1](#chem201905535-bib-0001){ref-type="ref"} This success is mainly based on the high efficiency of the catalysts and the development of reliable and reproducible reaction protocols that are applicable to a large variety of substrates and processes. Thereby, the design of potent ligands has decisively contributed to this progress. In general, Pd complexes with electron‐rich and bulky phosphines[2](#chem201905535-bib-0002){ref-type="ref"} or N‐heterocyclic carbenes (NHCs)[3](#chem201905535-bib-0003){ref-type="ref"} are the most active catalysts in coupling reactions. Major advances in this field are often connected with the development of new specialized ligands that easily accomplish the crucial steps in the catalytic cycle and prevent undesired side reactions. This for example also holds true for Buchwald--Hartwig amination reactions (BHA).[4](#chem201905535-bib-0004){ref-type="ref"} While first amination protocols used simple monophosphines and rather harsh reaction conditions,[5](#chem201905535-bib-0005){ref-type="ref"} the continuous development of more electron‐rich and customized ligands---such as Buchwald\'s bulky dialkylbiaryl phosphines[6](#chem201905535-bib-0006){ref-type="ref"} or other electron‐rich di‐ or trialkyl phosphines (Figure [1](#chem201905535-fig-0001){ref-type="fig"})[7](#chem201905535-bib-0007){ref-type="ref"} or NHCs[8](#chem201905535-bib-0008){ref-type="ref"}---led to highly active catalysts that operate at low temperatures and allow the coupling of sterically demanding substrates. Despite these developments in BHA, significant challenges remain. For example, deactivated aryl chlorides are still challenging substrates and usually require high temperatures, which however are often not compatible with complex functionalized compounds commonly seen in pharmaceutical industry.[4](#chem201905535-bib-0004){ref-type="ref"} Only few catalysts are known which efficiently couple aryl chlorides under mild conditions.[8a](#chem201905535-bib-0008a){ref-type="ref"}, [9](#chem201905535-bib-0009){ref-type="ref"} However, these tailor‐made catalysts are often highly specialized and expensive, need high catalyst loadings, are only applicable for few substrates and/or are highly reactive and thus difficult to apply on a large scale.

![Monophosphines and palladium precatalysts used in Pd‐catalyzed coupling reactions.](CHEM-26-4281-g001){#chem201905535-fig-0001}

Recently, we reported on the ylide‐functionalized phosphine (YPhos) Y~Me~PCy~2~ (**L1**, keYPhos) as an excellent ligand for Buchwald--Hartwig aminations of aryl chlorides at room temperature.[10](#chem201905535-bib-0010){ref-type="ref"} In combination with \[Pd~2~(dba)~3~\] (dba=dibenzylideneacetone) or Pd(OAc)~2~ as metal sources, high activities were observed also with challenging substrates without elaborate tailoring of the ligand design. To further evaluate the potential and improve the design of YPhos ligands for broader applications, we became interested in the impact of the ylide moiety and phosphine substituent on the catalytic activity. Both moieties determine the electron density at the phosphorus atom and thus the donor property of the ligand.[11](#chem201905535-bib-0011){ref-type="ref"} Furthermore, we were also interested in the effect of the use of defined palladium complexes as precatalysts in the coupling reactions. Various studies on palladium catalyzed coupling reactions have shown that the use of defined pre‐catalysts with a Pd to ligand ratio of 1:1 can be beneficial for catalysis due to the more facile and selective formation of the active LPd(0) species compared to catalysts prepared from \[Pd~2~(dba)~3~\], which often differs in quality.[12](#chem201905535-bib-0012){ref-type="ref"}, [13](#chem201905535-bib-0013){ref-type="ref"} Moreover, Pd^II^ complexes are usually stable towards air and moisture and thus easier to apply also in larger scale compared to catalysts in situ generated from the more sensitive free phosphine ligands. A series of different types of complexes have been successfully applied, both with carbenes and phosphines over the past years. Prominent examples are shown in Figure [1](#chem201905535-fig-0001){ref-type="fig"}.[14](#chem201905535-bib-0014){ref-type="ref"}, [15](#chem201905535-bib-0015){ref-type="ref"} In case of phosphines, particularly *η* ^3^‐allyl and cinnamyl Pd^II^ complexes of type **P~al~** and **P~cin~** developed by Nolan, Shaughgnessy, and Colacot[16](#chem201905535-bib-0016){ref-type="ref"}, [17](#chem201905535-bib-0017){ref-type="ref"} and *tert*‐butyl indenyl complexes developed by Hazari[18](#chem201905535-bib-0018){ref-type="ref"} have been successfully employed in coupling reactions with a series of different monophosphines and thus should also be tested here.

Results and Discussion {#chem201905535-sec-0002}
======================

Ligand synthesis and properties {#chem201905535-sec-0003}
-------------------------------

To study the impact of different substitution patterns in the YPhos ligands on the catalytic performance, we addressed the use of the *tert*‐butyl analogue Y~Me~P*t*Bu~2~ (**L3**, trYPhos) of **L1** as well as Y~Ph~PCy~2~ (**L2**, joYPhos) with a phenyl group in the ylide‐backbone (Scheme [1](#chem201905535-fig-5001){ref-type="fig"}). Due to the more electron‐releasing property of the *tert*‐butyl substituent compared to the cyclohexyl group, we expected **L3** to be a stronger donor and thus provide in an even more active catalyst. Furthermore, the increased steric bulk should further stabilize the catalytically active monoligated LPd species relative to the usually inactive L~2~Pd species and thus also results in higher activities. This was already shown in the case of α‐arylation reactions, in which **L3** showed a higher activity at room temperature albeit being more sensitive.[19](#chem201905535-bib-0019){ref-type="ref"} In contrast, we expected **L2** to be less electron‐donating than **L1** since the phenyl substituent in the ylide backbone should stabilize the negative charge at the carbanionic centre. Therefore, we expected **L2** to yield more stable catalysts in comparison to **L1** and **L3**.

![Preparation of the YPhos ligands **L1--L3**.](CHEM-26-4281-g007){#chem201905535-fig-5001}

The new YPhos ligand joYPhos (**L2**) was prepared via a similar synthetic procedure as previously reported for **L1** and **L3** (Scheme [1](#chem201905535-fig-5001){ref-type="fig"}, see Supporting Information for details),[10](#chem201905535-bib-0010){ref-type="ref"}, [11](#chem201905535-bib-0011){ref-type="ref"} starting from the simple phosphonium salt **A** (with Z=Ph) and its reaction with the chlorodicyclohexylphosphine after deprotonation. Deprotonation of the formed phosphino phosphonium salt **B** was accomplished by an additional equiv of base (KO*t*Bu). **L2** was thus isolated as colorless solid in yields of 80 % and characterized by multi‐nuclear NMR and IR spectroscopy, XRD, and EA analysis (Figure [2](#chem201905535-fig-0002){ref-type="fig"}). The ligand is characterized by two doublets in the ^31^P{^1^H} NMR spectrum at *δ*=−5.2 and 21.6 ppm with coupling constants of 132.1 Hz. It should be noted that **L2** possesses a remarkable stability in the solid state. No decomposition or oxidation was observed after 1 month when stored under air.

![Molecular structures of **L2** and **L2⋅**AuCl in the solid state.](CHEM-26-4281-g002){#chem201905535-fig-0002}

Next, the steric and electronic properties of the ligands were measured by determination of the Tolman electronic parameters (TEP) and the buried volumes (%*V* ~bur~) of the ligands in order to get a first estimation of the ligand properties. The buried volumes were calculated from the geometries of the isolated **L⋅**AuCl complexes (XRD analysis, Figure [2](#chem201905535-fig-0002){ref-type="fig"}), which were prepared by treatment of the YPhos ligands with \[(tht)AuCl\] (tht=tetrahydrothiophene). With %*V* ~bur~=47.9 %, **L2** holds an intermediate position between the smaller **L1** (%V~bur~=45.2 %)[10](#chem201905535-bib-0010){ref-type="ref"} and bulkier **L3** (%*V* ~bur~=51.3 %). The increased size of **L2** compared to **L1** can be explained by the increased steric demand of the phenyl substituent in the ylide backbone, which results in a smaller P‐C‐P angle (114.1(1)° in **L2** compared to 119.1(2) **L1**) thus forcing the PCy~3~ moiety closer towards the metal. Overall, all YPhos ligands are sterically bulky ligands, which are more demanding than classical phosphines (e.g. %*V* ~bur~(P*t*Bu~3~)=26.7 % or %*V* ~bur~(PAd~3~)=40.5 %).[20](#chem201905535-bib-0020){ref-type="ref"}

Surprisingly, determination of the TEP value of **L2** by measurement of the CO stretching frequency in the rhodium complexes \[Rh(acac)(CO)(L)\] (acac=acetylacetone) revealed that **L2** is more electron‐rich than expected. With a TEP of 2049.3 cm^−1^ it is comparable to **L1** (TEP=2050.1 cm^−1^)[10](#chem201905535-bib-0010){ref-type="ref"} and the N‐heterocyclic carbene IMes (IMes=1,3‐dimesitylimidazol‐2‐ylidene, IMes: TEP=2050.7 cm^−1^).[21](#chem201905535-bib-0021){ref-type="ref"} This can be explained by the molecular structures of **L2** as well as its AuCl complex. In contrast to our initial assumption, the phenyl group in the ligand backbone is not in plane with the PCP linkage but perpendicularly arranged (Figure [2](#chem201905535-fig-0002){ref-type="fig"}). Hence, no charge delocalization into the phenyl ring is possible as expected for this system and thus explains the rather low TEP value of **L2**. We believe that this arrangement of the phenyl group is due to steric congestions by the bulky PCy~3~ and PCy~2~ moiety forcing the Ph group out of the P‐C‐P plane.

Preparation of palladium complexes {#chem201905535-sec-0004}
----------------------------------

Next, we addressed the isolation of Pd^II^ complexes as suitable and easy‐to‐handle precursors for catalysis. We chose the allyl and cinnamyl complexes of type **P~al~** and **P~cin~** as well as the *η* ^3^‐indenyl system **P~ind~** as first test complexes, since they have already been applied with a series of other monophosphines.[14](#chem201905535-bib-0014){ref-type="ref"}, [15](#chem201905535-bib-0015){ref-type="ref"}, [16](#chem201905535-bib-0016){ref-type="ref"} In general, the cinnamyl and indenyl complexes have been reported to perform superior to the allyl complexes due to a more facile reduction to the active Pd^0^ species, which prevents the formation of Pd^I^ compounds, that are often assumed to be detrimental to catalysis.[22](#chem201905535-bib-0022){ref-type="ref"} The complexes \[L Pd(*η* ^3^‐allyl)Cl\], \[L Pd(*η* ^3^‐cinnamyl)Cl\], and \[L Pd(*η* ^3^‐1‐*t*Bu‐indenyl)Cl\] with **L1**--**L3** were synthesized by reaction of the dimeric palladium precursors and the free ligands (Scheme [2](#chem201905535-fig-5002){ref-type="fig"}). All complexes could be isolated as solids in good to excellent yields of 78 to 99 %. Sole exceptions are the cinnamyl complex with **L1** and the indenyl complex of **L3**. The latter was found to only slowly form upon mixing of the ligand and the palladium precursor, so that decomposition started before the reaction was complete. Thus, **P~ind~3** was not further investigated as potential precatalysts. However, **P~cin~1** formed cleanly upon mixing of the starting materials as judged by NMR spectroscopic studies (see Figures S19 and S20, Supporting Information) but was found to be difficult to isolate in analytically pure form due to its high solubility and the decomposition in the course of extended washing processes. Due to its clean formation it was also tested as precatalyst, yet not as isolated but as in situ formed complex.

![Synthesis of palladium complexes with **L1--L3**.](CHEM-26-4281-g008){#chem201905535-fig-5002}

The complexes were characterized by multinuclear NMR and IR spectroscopy, elemental and XRD analysis. The molecular structures of **P~al~3**, **P~cin~2**, **P~cin~3**, and **P~ind~1** are depicted in Figure [3](#chem201905535-fig-0003){ref-type="fig"}, the structure of **P~al~1** is shown in the Supporting Information (Figure S70, Supporting Information). Interestingly, all structures feature the same geometry/ orientation of the YPhos ligands in the palladium complexes with the bulky PCy~3~ moiety always being oriented on the same side as the metal fragment. Thus, the PCy~3~ group retains its orientation as found in the free ligand and does not undergo any P−C rotation upon metal coordination. In case of the Pd^0^ dba complexes of **L1** and **L3**, this orientation led to an agostic interaction between the metal and one of the cyclohexyl groups of the PCy~3~ unit[10](#chem201905535-bib-0010){ref-type="ref"}, [19](#chem201905535-bib-0019){ref-type="ref"} Such an interaction is---as expected---not present in the Pd^II^ systems. However, the preserved geometry of the ligand in all structures suggests that the active Pd^0^ species forms without the necessity to undergo any conformational changes. The Pd−P distances amount between 2.3168(11) and 2.406(1) Å and are thus on the longer side of Pd−P bond lengths described in literature.[23](#chem201905535-bib-0023){ref-type="ref"}

![Molecular structures of **P~al~3**, **P~cin~2**, **P~cin~3**, and **P~ind~1**. Pictures of the structures of the other Pd complexes are given in the Supporting Information together with further crystallographic details.](CHEM-26-4281-g003){#chem201905535-fig-0003}

Comparison of the catalytic activity {#chem201905535-sec-0005}
------------------------------------

To study the impact of the steric and electronic properties of the new YPhos ligands on their catalytic ability, **L1**--**L3** were applied in C−N coupling reactions at room temperature. We compared the activities of the catalysts in situ generated from **L1**--**L3** and \[Pd~2~(dba)~3~\] with those of the isolated precatalysts **P~al~**, **P~cin~** and **P~ind~**. The C−N coupling reaction of *p*‐chlorotoluene with different amines using 0.5 mol % of catalyst (based on Pd) and KO*t*Bu as base was chosen as test reaction. Previous studies on the amination reactions with **L1** showed that this catalyst is compatible with a large variety of aryl chlorides but showed some limitations in the amine scope, particularly when using primary and secondary alkyl amines. These amines are generally more difficult to couple because of possible side reactions such as diarylation and β‐hydride elimination. Thus, a series of alkyl amines of different steric demand was chosen to challenge our newly designed ligands and precatalysts and to provide insights into the impact of the steric and electronic properties on the activity and productivity of the catalysts. We also included N‐methyl aniline **2 a** as an amine to also test whether the high activity for aryl amines was retained. The results are summarized in Figure [4](#chem201905535-fig-0004){ref-type="fig"}, which shows the final yields obtained for all ligands and complexes after an optimal reaction time (see the Supporting Information for further details).

![Results of the C−N coupling reactions with ligands **L1**, **L2**, and **L3** and the corresponding palladium complexes **P~al~**, **P~cin~**, and **P~ind~**. Reaction conditions: 0.85 mmol **1**, 0.92 mmol **2**, 0.5 mol % \[Pd\], 2.0 equiv base, 3.0 mL THF, RT, optimal reaction time (see the Supporting Information for details). Yields are determined by NMR spectroscopy with 1,3,5‐trimethoxybenzene as internal standard. Values are average values of at least two runs.](CHEM-26-4281-g004){#chem201905535-fig-0004}

Comparison of the three different ligands shows that all render highly active Pd species. Since all YPhos ligands are strong donors,[24](#chem201905535-bib-0024){ref-type="ref"} the electronic difference between the cyclohexyl and *t*Bu groups seems to be only of minor importance. However, marked differences in the performance can be seen in cases in which the different steric bulk of the ligands becomes important or side reactions (β‐hydride elimination, diarylation) play a role. In case of the in situ prepared catalysts (first three sets of results in Figure [4](#chem201905535-fig-0004){ref-type="fig"}), **L3** gives lower yields than its cyclohexyl analogue **L1** for most of the amines. This is particularly true for the sterically more encumbering, secondary amines (Et~2~NH, *N*‐methylaniline). Here, the reduced productivity is presumably due to a slower reaction rate caused by the steric bulk and the competing decomposition of the active species under the reaction conditions.[19](#chem201905535-bib-0019){ref-type="ref"} Despite this disadvantage of **L3** compared to **L1**, it also offers an important advantage with respect to selectivity. In this context, the coupling with *n‐*butylamine to **3 ab** is most informative. In this reaction, **L1** delivers considerable amounts of the diarylated compound (3--5 %), while **L3** selectively provides the desired monoarylated product in quantitative yield. Thus, the steric bulk of the *tert*‐butyl group prevents a second arylation reaction of the formed aryl amine. Further selectivity issues with **L1** were observed in the coupling reactions with Et~2~NH and benzyl amine. Here, significant amounts of the β‐hydride elimination products were formed. In contrast, no such side‐reactions were observed with **L3**. We believe that this improved selectivity of **L3** is solely due to steric effects. Previous studies by our group have shown that Pd^0^ complexes with YPhos ligands are stabilized by agostic interactions between the metal and the PCy~3~ moiety.[25](#chem201905535-bib-0025){ref-type="ref"} This interaction might be further strengthened through the increased steric bulk at the phosphine moiety, which might result in a smaller (or less flexible) P‐C‐P angle in the ligand backbone, which ultimately should force the cyclohexyl groups in closer proximity to palladium centre. The thus strengthened agostic interaction should hamper β‐hydride elimination. With this in mind, we hypothesized that the incorporation of the phenyl group in the ylide backbone of **L2** should have an even more pronounce effect. To our delight, **L2** indeed combines the advantageous properties of both ligands, thus showing higher selectivities and even higher activities and productivities than **L1**. Neither diarylation, nor β‐hydride elimination products were observed with **L2** and similar good yields were reached compared to **L1** in case of the in situ formed catalysts.

Motivated by the already excellent results of the in situ prepared catalysts with \[Pd~2~(dba)~3~\] we next turned our attention towards the isolated precatalysts. Recent mechanistic studies on the BHA with keYPhos (**L1**) and \[Pd~2~(dba)~3~\] revealed the presence of an initiation period which we attributed to the time required for replacement of the dba ligand and the formation of the catalytically active phosphine‐ligated palladium species.[25](#chem201905535-bib-0025){ref-type="ref"} This suggested that a further improvement should be possible by using defined precatalysts. To our delight, indeed higher yields could be reached when using the complexes under the same reaction conditions. Except for *i*Pr~2~NH all amines could be completely converted into the corresponding aryl amines **3** with at least one of the precatalysts. In general, the allyl complexes **P~al~** were slightly less effective than the cinnamyl indenyl analogues **P~cin~** and **P~ind~**. Particularly, the indenyl and cinnamyl complexes of **L2**---despite of the low solubility of **P~cin~2**---showed an outstanding performance. Full conversion to the products was observed for all substrates (except for *i*PrNH~2~) mostly within only 1 h reaction time using **P~ind~2**. Thus, not only the yield but also the reaction time could be improved with this precatalyst (see the Supporting Information). Accordingly, compounds **3 aa**--**3 ag** could all be isolated in high yields using these precatalysts (Scheme [3](#chem201905535-fig-5003){ref-type="fig"}).[26](#chem201905535-bib-0026){ref-type="ref"} Overall, the precatalysts with joYPhos (**L2**) seem to form a rather universal catalyst for the C−N coupling of a variety of different amines. As such, primary as well as secondary amines are readily converted into the aryl amines, while otherwise often different ligands are needed for these two classes of substrates.[14f](#chem201905535-bib-0014f){ref-type="ref"}

![Amine and scope: Reaction conditions: 0.5 mol % cat., RT, 6 h, aryl chloride:amine 1:1.1, yields are isolated yields.](CHEM-26-4281-g009){#chem201905535-fig-5003}

The lower efficiency of the allyl complexes **P~al~** is in line with previous reports by Hazari.[18](#chem201905535-bib-0018){ref-type="ref"}, [22](#chem201905535-bib-0022){ref-type="ref"} This was explained by the slower precatalyst activation and the facile formation of a Pd^I^ *μ*‐allyl dimer of the form (*μ* ^*3*^‐allyl)(*μ*‐Cl)Pd~2~(L)~2~, which is less likely to be formed with the more bulky *η* ^3^‐cinnamyl or indenyl complexes. The *μ*‐allyl dimer is generated by comproportionation between the corresponding \[LPd(0)\] species and the precatalysts **P~al~**. This leads in a reduction of the active Pd^0^ species and hence in a reduced catalytic efficiency. Indeed, we also observed the formation of the *μ*‐allyl dimer with **L2** thus suggesting that this is also responsible for the lower efficiency of **P~al~2** compared to **P~cin~2** and **P~ind~2**. Small amounts of \[(*μ*‐allyl)(*μ*‐Cl)Pd~2~(**L2**)~2~\] were obtained from crystallization attempts with \[(*η* ^3^‐allyl)PdCl\]~2~ and **L2**.[17c](#chem201905535-bib-0017c){ref-type="ref"}, [27](#chem201905535-bib-0027){ref-type="ref"} The dimer crystallizes in the triclinic space group *P*−1 with three molecules in the asymmetric unit (only one is shown in Figure [5](#chem201905535-fig-0005){ref-type="fig"}). The complex features an almost linear P--Pd--Pd--P linkage with P--Pd--Pd angles of 162.4(1) and 168.0(1)° and a Pd−Pd bond of 2.627(1) Å and Pd−P distances of 2.315(2) and 2.318(2) Å, respectively.

![Molecular structure of \[(*μ* ^*3*^‐allyl)(*μ*‐Cl)Pd~2~(**L2**)~2~\]. See the Supporting Information for structural details.](CHEM-26-4281-g005){#chem201905535-fig-0005}

Catalyst activity and productivity {#chem201905535-sec-0006}
----------------------------------

In general, the precatalysts deliver highly active catalysts as demonstrated by the fast catalysis at room temperature (see Section 1.4.2 in the Supporting Information). The reactions to the compounds shown in Scheme [3](#chem201905535-fig-5003){ref-type="fig"} are typically finished within less than 1 h using **P~ind~2** as precatalysts, thus suggesting that turnover frequencies (TOF) of 200 h^−1^ and more can easily be reached. To further examine the activity of our catalysts we performed kinetic studies using the amination of *p*‐chlorotoluene with piperidine with 0.5 mol % **P~ind~2** as test reaction. Monitoring of the process of a reaction mixture with an aryl chloride concentration of 0.33 [m]{.smallcaps} showed that already 10 % conversion were reached right after addition of the catalyst and the full conversion after only 1 min reaction time (Figure [6](#chem201905535-fig-0006){ref-type="fig"}). This corresponds to a turnover frequency of 12.000 h^−1^. More dilute reaction conditions (0.04 [m]{.smallcaps}) allowed for more detailed kinetic studies. Here, a steady increase of conversion was observed with a reaction rate of 0.04 [m]{.smallcaps} min^−1^ (see the Supporting Information for details) and a TOF of 1.200 h^−1^. We also examined the productivity of the two best precatalysts **P~ind~2** and **P~cin~2**. The down‐scaling was probed with the amination of 4‐chlorotoluene with piperidine. While with the cinnamyl complex only 66 % conversion could be reached with 0.1 mol % catalyst loading after 3 h, **P~ind~2** gave full conversion (TON=1000) under the same reaction conditions. Further reduction of the catalyst loading to 0.05 mol % still gave 83 % yield and thus a TON of 1660 after 3 h. Lower loadings unfortunately only gave poor conversion, which, however, might be overcome when reactions are performed on larger scale.

![Conversion‐time plots for the amination of *p*‐chlorotoluene with piperidine with **P~ind~2** as catalyst at different concentrations. Conditions: 0.5 mol % **P~ind~2**, room temperature, THF. Conversion was determined by NMR spectroscopy with 1,3,5‐methoxybenzene as standard.](CHEM-26-4281-g006){#chem201905535-fig-0006}

To probe the performance of **P~ind~2** compared to other ligands/ precatalysts we compared its activity with that of two reported precatalysts. We chose (i) the indenyl complex of P*t*Bu~3~ (**P~ind~⋅P*t*Bu~3~**), since it contains the same type of precatalyst as **P~ind~2** and thus nicely compares with **P~ind~2** and (ii) the Buchwald catalyst RuPhos‐PdG3, which is known to be one of the best catalyst for the coupling of secondary amines.[14a](#chem201905535-bib-0014a){ref-type="ref"} Under the same conditions used for **P~ind~2** (0.04 [m]{.smallcaps}, RT, 0.5 mol % catalyst) only minor amounts of product were formed within 1 h reaction time. After 24 h, **P~ind~⋅P*t*Bu~3~** delivered 28 % and RuPhos‐PdG3 27 % yield. This further demonstrates the high activity of the YPhos‐based precatalysts at room temperature.

It is interesting to note that in contrast to our previous observations with **L1** and \[Pd~2~(dba)~3~\] no induction period was observed in the catalysis with **P~ind~2** (Figure [6](#chem201905535-fig-0006){ref-type="fig"}).[25](#chem201905535-bib-0025){ref-type="ref"} This confirms that the use of the precatalyst facilitates the formation of the active species and thus speeds up catalysis. Catalyst formation now presumably does not impact the rate‐determining step as was found for the catalysis with **L1** and \[Pd~2~(dba)~3~\]. To probe the nature of the rate‐limiting step we performed further kinetic studies including a variable time normalization analysis (VTNA) as previously reported by Burés.[28](#chem201905535-bib-0028){ref-type="ref"} To this end, the kinetic studies with **P~ind~2** at low concentrations were repeated with two equiv of aryl chloride and two equiv of amine. As shown in Figure [6](#chem201905535-fig-0006){ref-type="fig"}, doubling of the aryl chloride concentration results in a distinct increase of the reaction rate, while an increase of the amine concentration slightly reduced the reaction rate particularly at low aryl chloride concentrations (i.e. with increasing reaction time). Overlaying of the progress concentration profiles (VTNA, see Supporting Information for details, Figure S3) suggests that the reaction is first‐order in \[ArCl\] and almost zeroth‐order in \[amine\]. Thus, oxidative addition still is the rate‐limiting step. The slight decrease of the reaction rate at low ArCl concentrations with 2 equiv of amine probably results from the more difficult formation of the \[LPd(ArCl)\] complex under these reaction conditions.[29](#chem201905535-bib-0029){ref-type="ref"} Recent DFT studies have shown that the amine complex LPd(amine) is similar in energy than \[LPd(ArCl)\].[25](#chem201905535-bib-0025){ref-type="ref"} However, due to the high amine and low ArCl concentration at the end of the catalysis the formation of the active \[LPd(ArCl)\] species will become less favorable.

Aryl bromides and iodides {#chem201905535-sec-0007}
-------------------------

To examine the scope of our catalysts, we tested **P~ind~2** in the coupling of further amines as well as aryl bromides and aryl iodides (Scheme [4](#chem201905535-fig-5004){ref-type="fig"}). While aryl bromides are usually easy substrates, aryl iodides have repeatedly been described to be difficult to couple despite of the more facile oxidative addition.[30](#chem201905535-bib-0030){ref-type="ref"} This has been explained by an inhibitory effect of the formed metal iodide caused by the binding of the iodide to the Pd^II^ oxidative addition or amido complex, thus slowing down amine binding and/or reductive elimination.[30b](#chem201905535-bib-0030b){ref-type="ref"}

![Amine and halides scope. Reaction conditions: 0.5 mol % cat, RT, 1 h, aryl halide:amine 1:1.1, **P~ind~2** as catalyst, NMR yields with 1,3,5‐trimethoxybenzene as internal standard. Isolated yields after 2 h reaction time are given in brackets. \[a\] after 24 h.](CHEM-26-4281-g010){#chem201905535-fig-5004}

Fortunately, with **P~ind~2** as a catalyst also *p*‐bromo and iodotoluene were successfully coupled to **3 ag** and **3 af** within only 1 h reaction time at room temperature (Scheme [4](#chem201905535-fig-5004){ref-type="fig"}). The coupling of the iodide is particularly remarkable, since to the best of our knowledge only few room temperature Pd‐catalyzed C−N couplings of ArI are known to date, particularly in polar solvents.[30b](#chem201905535-bib-0030b){ref-type="ref"}, [31](#chem201905535-bib-0031){ref-type="ref"} The latter have shown to be less compatible with the amination of ArI due to the higher solubility of the formed metal iodide and the thus increased inhibition. Besides *p*‐iodotoluene also 1‐iodonaphthalene and the more demanding *o*‐iodotoluene were almost quantitatively coupled with different alkyl amines. In case of *o*‐iodotoluene, the reaction with the secondary amine *i*PrNH~2~ revealed to be more facile compared to *p*‐chlorotoluene, giving **3 cd** in 73 % isolated yield. Sole limitations have so far been observed with sterically bulky aryl halides. For example, 2,4,6‐tri‐*iso*‐propylphenylbromide only delivered 38 % conversion with *n‐*butylamine after 24 h with 0.5 mol % catalyst loading (**3 db**).

Gram‐scale applications {#chem201905535-sec-0008}
-----------------------

Although all precatalysts perform excellently in C−N coupling reactions, the activity of the systems based on the phenyl‐substituted ligand **L2** are particularly impressive. **L2** clearly delivers the most active and most efficient catalyst and performs superior to most palladium catalysts reported in literature.[5](#chem201905535-bib-0005){ref-type="ref"}, [6](#chem201905535-bib-0006){ref-type="ref"}, [7](#chem201905535-bib-0007){ref-type="ref"}, [8](#chem201905535-bib-0008){ref-type="ref"}, [9](#chem201905535-bib-0009){ref-type="ref"} Given the facile synthesis of **L2** and its palladium complexes this catalyst is certainly competitive to established systems also applied in industry. Encouraged by this activity we became interested in the potential of **P~ind~2** for large‐scale applications. Thus, we attempted the synthesis of a series of substrates in gram‐scale. Since piperidine and morpholine are common moieties in pharmaceuticals and agrochemicals, we chose these two amines as well as four aryl chlorides including challenging electron‐rich substrates such as the methoxy and *tert*‐butyl substituted compounds **1 b** and **1 c** as well as an heteroaryl compound, 2‐chloropyridine **1 d** (Scheme [5](#chem201905535-fig-5005){ref-type="fig"}). To our delight, **P~ind~2** also performed outstandingly in these reactions, always giving full conversion to the desired products at room temperature within 6 h reaction time with 0.5 mol % catalyst loading. All compounds could be isolated in excellent yields of close to 100 %, thus highlighting the potential of our catalysts for large scale applications under mild conditions.

![Gram‐scale applications of precatalysts with **L2**. Reaction conditions: 0.5 mol % cat, RT, 6 h, aryl chloride:amine 1:1.1, yields are isolated yields.](CHEM-26-4281-g011){#chem201905535-fig-5005}

Conclusions {#chem201905535-sec-0009}
===========

In conclusion, we have synthesized three different ylide‐functionalised phosphines (**L1--L3**) and their corresponding palladium allyl, cinnamyl and indenyl complexes in order to study the impact of the ligand substitution pattern and the use of defined precatalysts on the catalytic activity in C−N coupling reactions. All ligands gave way to highly active catalysts that are competent in the amination of aryl chlorides at room temperature. While replacement of the cyclohexyl groups at phosphorus by *tert*‐butyl groups did not result in higher yields due to steric congestions, introduction of a phenyl group in the ylide‐backbone (**L2**, joYPhos) led to considerable improvements, particularly with respect to selectivity. A further improvement was accomplished by employment of the isolated palladium precatalysts, particularly when using the cinnamyl and indenyl complexes **P~cin~** and **P~ind~**. The indenyl complex with **L2** gave full conversion to almost all aryl amines tested with 0.5 mol % catalyst loading and kept its high activity also in gram‐scale applications as well as at low loadings up to 0.05 mol %. Besides, aryl chlorides also bromides and the often more tenacious iodides were successfully coupled with **P~ind~2** at room temperature. The high activity of **P~ind~2** was further confirmed by kinetic studies, which showed that the active species is formed without induction period giving way to turnover frequencies higher than 10.000 h^−1^. Hence, **P~ind~2** is one of the most active and universal catalyst for the amination of aryl halides which are known to date. Overall, these results demonstrate that the catalytic ability of the YPhos‐based catalysts---despite of their already remarkably high activity---can further be increased by ligand design.
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